Abstract: New iron(II) and iron(III) complexes bearing bis(imino)pyridine ligands were synthesized and successfully applied to the Mukaiyama aldol reaction. The two complexes [FeCl 2 L] (L = bis(imino)pyridine ligand, 55% isolated yield) and [LFe(μCl) 3 FeCl 3 ] (76%) were obtained employing FeCl 2 and FeCl 3 iron sources, respectively, and characterized by elemental analyses, mass spectrometry, IR spectroscopy and, one example, by X-ray diffraction. The two new iron complexes were subsequently employed as catalysts in the Mukaiyama aldol reaction after abstraction of two chlorides by AgSbF 6 to obtain the aldol products in 43% to virtually quantitative yield (CH 2 Cl 2 solvent, room temperature, 3.5 to 16 h reaction time). The impact of the oxidation state of the iron center on the reaction rate and the diastereomeric ratios of the products was investigated.
1
First reported by Mukaiyama and co-workers in 1973, 2 the reaction is frequently applied in the synthesis of complex organic molecules and natural products. 3 The Mukaiyama aldol reaction is catalyzed by Brønsted 4 or Lewis acids 5 based on metals such as Zr, 6 Bi, 7 B, 8 Ti, 9 Pt, 10 Re, 11 Li, 12 In, 13 Sc 14 and Zn, 15 and by Lewis bases. 16 Organocatalytic versions are known as well. 1a,17 Depending on the silyl enol ether substrate employed, one or two new stereocenters are created in the product. Substituted enol ethers (R 1 ≠ H in Scheme 1) produce two new stereocenters, and give rise to the formation of syn-and anti-diastereomers. Obtaining high diastereomeric ratios and enantiomeric excesses is a goal of current research concerning the Mukaiyama aldol reaction. 4a,18 Mechanistic investigations have revealed that the reactions proceed through an open transition state, 19 and Newman projections of the transition state allow for the prediction of the diastereoselectivity of the reaction. 20 The Lewis acid catalyst coordinates to the oxygen of the carbonyl group, making the carbon atom more susceptible to an attack by the silyl enol ether nucleophile.
Scheme 1 The Mukaiyama aldol reaction
Accordingly, strong Lewis acids are among the most commonly employed catalysts for the reaction. In the original work, Mukaiyama and co-workers utilized freshly distilled, oxophilic TiCl 4 and employed it in an equimolar amount. 2 This reagent promotes the reaction between cyclic silyl enol ethers and both aldehydes and ketones. Somewhat weaker Lewis or Brønsted acids typically require aldehydes instead of ketones as coupling partners. 15 Silyl enol ethers frequently employed (and also utilized in our study) include the cyclic enol ether 5, the enol ether 6 derived from acetophenone, and the commercial silyl ketene acetal 1-(tert-butyldimethylsiloxy)-1-methoxyethene (7, Figure 1 ). For steric and electronic reasons, these enol ether substrates exhibit a range of nucleophilicities. By analogy to Mayr's nucleophilicity scale, 21 5 exhibits the lowest nucleophilicity, followed by 6; the silyl ketene acetal 7 exhibits the highest nucleophilicity among these three substrates. According to Mayr, the influences of steric effects on the nucleophilicities of comparable silyl enol ethers are more difficult to assess. We think that 7 is more nucleophilic than 6 due to electronic reasons. The challenge is to develop catalyst systems that are capable of coupling less reactive nucleophiles such as 5 with both aldehyde and ketone carbonyl groups. A balance needs to be found between an efficient, yet easy-to-handle and bench-stable, catalyst system that does not require the strict exclusion of moisture or air. Accordingly, a number of catalyst systems that can be employed under aqueous conditions have been reported. 22 Iron complexes have also been employed as catalysts in the Mukaiyama aldol reaction, 23 and enantioselective versions thereof have been reported as well. 24 Iron catalysis has lately emerged as an intensely studied research area. 36 In all these reports, a variety of silyl enol ethers (such as those shown in Figure 1 ) were employed as the nucleophiles, but the carbonyl coupling partners were, in all cases, aldehydes. We hypothesized that a very strong Lewis acid is more efficient when demanding silyl enol ethers such as 5 are employed. We were, thus, interested in determining whether a preformed iron(III) complex is a suitable catalyst for the Mukaiyama aldol reaction and how it performs compared to a related iron(II) complex. According to the mechanistic understanding outlined above, a higher formal charge on the Lewis acid should improve its efficiency as a catalyst. Accordingly, we describe herein the synthesis and characterization of bis(imino)pyridine complexes of iron(II) and iron(III). The bis(imino)pyridine ligand class is known 37 and has previously been employed in the synthesis of iron complexes. 38 Iron complexes of bis(imino)pyridines are widely utilized as ethylene polymerization catalysts, 39 and also have been used to catalyze cyclization or cycloisomerization reactions; 40 however, they have not been employed in the Mukaiyama aldol reaction to date.
We hypothesized that a bulky, tridentate ligand such as the bis(imino)pyridine ligand class might keep its corresponding iron complexes soluble even in relatively nonpolar solvents and might prevent the formation of dimers and oligomers as often observed for iron complexes with chloro or other potentially bridging ligands. 41 After synthesis and characterization of the iron(II) and iron(III) complexes, we successfully employed them as catalysts in the Mukaiyama aldol reaction. Furthermore, we investigated the impact of the formal charge on the iron catalyst on the efficiency and diastereoselectivity of the reaction.
Synthesis and Characterization of the Iron Complexes
We selected specifically the known 42 bis(imino)pyridine ligand 8 (Scheme 2) for the synthesis of the corresponding iron complexes. Ligand 8 can be synthesized by condensation of 1,6-diacetylpyridine with 2,6-diethylaniline in ethanol in the presence of a catalytic amount of glacial acetic acid. 43 We also considered bis(imino)pyridine ligands with isopropyl substituents in the 2′,6′-positions, but encountered difficulties with converting these into the corresponding iron complexes. Next, we targeted the synthesis of iron (II) This document was downloaded for personal use only. Unauthorized distribution is strictly prohibited.
with diethyl ether to obtain the product as an orange-red solid. The ether washings were slightly yellow in color; analysis of the combined ether portions used for washing revealed that half of the ligand 8 had not reacted with the FeCl 3 ; on the other hand, there was no evidence for unreacted FeCl 3 starting material, as judged from the color of the washings and the precipitate. Based on instrumental analysis, as detailed below, we came to the conclusion that the isolated material had a dimeric structure best described as [8Fe(μCl) 3 FeCl 3 ], and was isolated in 76% yield. Again, the coordination of the ligand to the iron center was best seen by a shift of the ν C=N stretching frequency in the IR spectrum, as described above for the iron(II) complex. The coordinated C=N unit showed a stretch at 1592 cm
, which is 47 wavenumbers lower than the free ligand. The UV-vis spectrum exhibited two strong absorptions: one was observed at 415 nm (ε = 1257 cm ). Based on the values of the molar absorption coefficients, we again ascribed the transitions to a charge-transfer process. Unfortunately, neither FAB nor EI mass spectrometry gave a molecular ion peak that corresponded to the proposed molecular structure; however, the elemental analysis was in full agreement with the formulation [8Fe(μCl) 3 FeCl 3 ]. Structurally related iron clusters have been previously reported in the literature, 41 and we, thus, consider that the suggested formulation [8Fe(μCl) 3 FeCl 3 ] was sufficiently corroborated by IR spectroscopy, elemental analysis and literature precedents.
To unequivocally establish the structures of the new iron complexes, we undertook substantial effort to grow crystals for X-ray diffraction studies; however, only for complex [FeCl 2 8] were crystals obtained through slow diffusion of pentane into a dichloromethane solution of the complex at -20°C over a course of one week. Crystallographic parameters are given in Table 1 , and key bond lengths and angles are compiled in Table 2 . As can be seen from the molecular structure (Figure 2 ), the crystal contained a binuclear structure, where two iron centers are bridged by an oxo ligand. One of the two iron centers bears the ligand 8, whereas the other one is coordinated by three chloro ligands. The structure is, thus, best described as [8ClFe(μO)FeCl 3 ] and the oxidation states of the two iron centers in the complex increased from iron(II) to iron(III). The formation of the oxo-bridged dimer must have taken place during the crystallization process, as the Table 1 , and key bond lengths and angles are listed in Table 2. original complex [FeCl 2 8] exhibited an iron(II) center and its molecular formula has been established by MS and elemental analysis. Considering the long crystallization process, it appears reasonable to assume that the complex was oxidized in solution over time. Further analysis of the oxidized material by NMR spectroscopy and ESI-MS failed; due to the paramagnetism of the sample, no NMR spectra could be recorded, and the ESI-MS (for the spectrum, see the Supporting Information) did not exhibit peaks that can be assigned to the oxidized material or fragments thereof. Air oxidations of similar iron(II) complexes to obtain oxo-bridged iron(III) dimers have been described previously. The Fe-O-Fe angle was determined to be 146.0(2)°, which is at the lower end of the 145° to 180°t ypically observed for that unit. The bond lengths for the C=N imine bond for the coordinated ligand are 1.280(6) and 1.294(6) Å; the C(imine)-C(pyridyl) bond lengths C(1)-C(2) and C(6)-C(7) are 1.492(7) and 1.478(7) Å, respectively. These values are very close to those found in free, closely related bis(imino)pyridine ligands. 51 Thus, extensive electron delocalization from the iron(II) center to the ligand does not appear to take place. Such a formal reduction of the ligand by the iron center has been reported for related iron(0) species, and resulted in significant elongation of the C=N bond and a concomitant reduction of the C(imine)-C(pyridyl) bond length. 41 These findings might be of interest in the application of in . The exact nature of the two activated species in solution could not be determined; however, the chloride abstraction was evident from precipitation of a white powder after the addition of AgSbF 6 , presumably AgCl, which was removed immediately before catalytic runs. After the complexes were treated with AgSbF 6 , a color change was also observed, and the UV-vis spectra of the complexes changed dramatically (for the UV-vis spectra, see the Supporting Information). To further analyze the catalytically active species, an ESI-MS was recorded (see the Supporting Information), but it did not exhibit peaks that could be unambiguously assigned to a structure that resulted from chloride abstraction. Treatment of the two complexes with AgBF 4 gave activated species that were not as efficient in catalysis as those generated by AgSbF 6 . We ascribe this to the low solubility of AgBF 4 in dichloromethane, which might result in incomplete chloride abstraction. The solutions of the activated iron complexes were found to be catalytically active in the Mukaiyama aldol reaction, when added to a solution of the silyl and aldehyde substrates. The results are compiled in Tables 3 and 4 (room   Table 2 , catalyst loading 5 mol%). As can be seen from the tables, the two silyl enol ethers 5 and 6, as well as the silyl ketene acetal 7, were successfully employed as nucleophiles to couple with a variety of electron-rich and electron-poor aromatic aldehydes. The products were obtained in 43% to virtually quantitative yields isolated after filtration through a short pad of silica gel to remove the catalyst. 52 For the cyclic silyl enol ether substrate 5, both iron precursor complexes were tested ( 6 , catalyzed the reaction more rapidly (3.5 h reaction time) than the activated iron(II) precursor complex [FeCl 2 8] (14-16 h reaction time). As hypothesized, a higher oxidation state of the iron center renders the complex more reactive. However, the isolated yields were somewhat higher when the iron(II) precursor was employed as the catalyst. We tentatively ascribe the lower isolated yield to the fact that the activated iron complexes themselves also decompose the silyl enol ether substrate. The silyl nucleophiles were always employed in a slight excess, but at the end of the reaction, only aldehyde starting material and product was observed by GC.
The reaction of benzaldehyde with (trimethylsiloxy)cyclopentene 5 gave a mixture of the desired silyl-protected coupling product, the desilylated coupling product (i.e., the corresponding alcohol, exemplified in Scheme 1, compound 4) and cyclopentanone, as assessed by NMR ( Similar experiments were performed with the silanes 6 and 7, and the decomposition products were analyzed by GC/MS (for the chromatograms, see the Supporting Information). In these two cases, starting material was still present in the reaction mixture. For the silyl enol ether 6, the acetophenone decomposition product was observed in addition to t-BuMe 2 Si-OH and other siloxanes. For the silyl ketene acetal 7, besides some unreacted 7, only tBuMe 2 Si-OH was observed on GC/MS analysis. It appears reasonable to assume that the iron(III) complex decomposes the silane substrate more rapidly than the iron(II) complex, resulting in the lower isolated yields. The oxidation state of the iron center also had an impact on the diastereomeric ratios. As can be seen from Table 3 , the syn/anti ratios for the products ranged from 50:50 to 62:38 when iron(II) precursor complex [FeCl 2 8] was employed as catalyst. 53 These values indicate virtually no simple diastereoselection between the two achiral substrates. The syn/anti ratios ranged from 50:50 to 83:17 when the iron(III) precursor complex [8Fe(μCl) 3 FeCl 3 ] was employed. Thus, the increased oxidation state of the iron center resulted, on average, in slightly higher diastereomeric ratios. We ascribe this increase in selectivity to the fact that the iron(III) center with the higher oxidation state might create a tighter, more compact transition state, resulting in better diastereoselection. The syn/anti ratios did not change when the reactions were performed at -76°C. Overall, the diastereoselectivities leave room for improvement and are in the range of other Mukaiyama aldol reactions that are catalyzed by metal-centered, achiral Lewis acids. 18 The only report of iron(III)-catalyzed Mukaiyama aldol reactions also determined syn/anti ratios around 85:15. 36 For the other two, more reactive silyl substrates 6 and 7, we observed no significant differences between the two iron complexes, and only the results for one of the two precursor complexes are listed (Table 4 ). The isolated yields ranged from 43% to quantitative. We have employed the silyl ketene acetal 7 previously in Mukaiyama aldol reactions; as already noted, it is highly nucleophilic and it is, thus, not surprising that the yields are virtually quantitative (Table 4 , entries 4-7) for that substrate, as the workup consists of only filtration through a short pad of silica gel.
The iron complexes described herein provide another tunable platform for iron-based catalyst systems to be employed in the Mukaiyama aldol reaction. After activation, the complexes are capable of coupling secondary (Table  3) and primary (Table 4 ) silyl enol ethers with aldehydes. The bis(imino)pyridine ligand class is tunable, and it is possible to employ chirality through the ligand. Still, the iron complexes described herein perform better than FeCl 3 itself under the reaction conditions of Tables 3 and  4 in dichloromethane as a solvent. When FeCl 3 was pretreated with AgSbF 6 and employed in the reaction between cyclic silane 5 and 4-ethylbenzaldehyde (Table 3 , entry 1), a plethora of products formed, of which the desired coupling product was a minor one, and thus is synthetically of no value. The ligand provides a beneficial effect on the catalytic performance of the iron(III) center.
The diastereoselectivities in Table 3 are not very high, but it could be possible to improve them through ligand modification (i.e., by placing bulky substituents in close proximity to the coordinating nitrogen atoms). All efforts to successfully employ a ketone substrate as carbonyl compound utilizing the catalysts described herein have failed thus far. However, through ligand modification, it might be possible to make the iron(III) catalyst even more reactive (e.g., through the introduction of more electronwithdrawing substituents on the ligand).
Herein, we have demonstrated for the first time that iron(II) and iron(III) complexes of a bis(imino)pyridine ligand are catalytically active in the Mukaiyama aldol reaction. The two iron(II) and iron(III) complexes [FeCl 2 8] and [8Fe(μCl) 3 FeCl 3 ] of the bis(imino)pyridine ligand 8 were synthesized and characterized, one of them also structurally. To the best of our knowledge, this is the first time that a preformed iron(III) coordination compound has been applied in the Mukaiyama aldol reaction. After activation of the catalyst through chloride abstraction, the corresponding silyl-protected β-hydroxy carbonyl compounds were obtained in 43% to quantitative yields (room temperature, 3.5 to 16 h reaction time, 5 mol% catalyst loading). The oxidation state of the iron center has an impact on the diastereoselectivity of the reaction; the reaction time was shorter (3.5 h) and the syn/anti ratios for the products were somewhat higher when the iron(III) precursor complex was employed. Ligand modification studies to improve the diastereoselectivities and to potentially employ chirality are currently underway.
Solvents were treated as follows: Et 2 O, distilled from Na/benzophenone; CH 2 Cl 2 , distilled from CaH 2 ; n-BuOH, distilled from Mg. Silica gel, CHCl 3 , AgSbF 6 and FeCl 3 (all Aldrich), FeCl 2 (Strem) and other materials were used as received. The ligand 8 43 and the silyl enol ethers (cyclopent-1-en-1-yloxy)trimethylsilane (5) 54 and tertbutyl(dimethyl)[(1-phenylvinyl)oxy]silane (6) 55 were prepared according to the literature. All reactions were carried out under nitrogen employing standard Schlenk techniques, and the workup was carried out in the air. NMR spectra were obtained at r.t. on a Bruker Avance 300 MHz or a Varian Unity Plus 300 MHz instrument and referenced to a residual solvent signal; all assignments are tentative. GC/MS spectra were recorded on a Hewlett Packard GC/MS System Model 5988A. UV-vis spectra were recorded on a Varian Cary 50 Bio spectrophotometer. Exact masses were obtained on a JEOL MStation [JMS-700] mass spectrometer. IR spectra were recorded on a Thermo Nicolet 360 FT-IR spectrometer. Elemental analyses were performed by Atlantic Microlab Inc., Norcross, GA, USA.
Complex [FeCl 2 8]
A solution of FeCl 2 (0.025 g, 0.200 mmol) in n-BuOH (3 mL) was added to a suspension of ligand 8 (0.085 g, 0.200 mmol) in n-BuOH (3 mL) at once, and the mixture was heated at 80°C. The solution changed color from yellow to blue instantaneously. The reaction mixture was stirred at 80°C for another 15 min, then was concentrated to about 1 mL under high vacuum. A blue solid precipitated. Anhyd pentane (5 mL) was added; the suspension was allowed to stir for 10 min and the mother liquor was decanted. The solid was washed several times with anhyd pentane (3 mL at a time), until the supernatant was almost colorless. The blue solid was dried under high vacuum for 2 d. The complex was obtained as a blue solid (0.061 g, 0.111 mmol) in 55% isolated yield. 5 mL) , and in another flask AgSbF 6 (0.012 g, 0.036 mmol) was dissolved in CH 2 Cl 2 (0.5 mL). The solution of AgSbF 6 was added to the solution of the metal complex and stirred at r.t. for 1 h. In a third flask, 4-ethylbenzaldehyde (0.049 g, 0.362 mmol) and the silane 5 (0.085 g, 0.543 mmol) were mixed in CH 2 Cl 2 (1 mL) and stirred at r.t. for 3.5 h. The solution of the activated catalyst was then filtered through Celite ® directly into the solution of the substrates, and the color of the solution turned to reddish. The reaction mixture was stirred overnight, then filtered through a pad of silica gel (3.5 cm). The silica gel was washed with CH 2 Cl 2 (about 2 mL) and the filtrate was concentrated. The yellow residue that was obtained was 95% pure ( 1 H NMR spectroscopy), and any further purification gave only decomposition products, and elution with extremely nonpolar solvents like hexanes also yielded small amounts of silyl impurities (about 5% was mounted on a MiTeGen cryoloop in a random orientation. Preliminary examination and data collection were performed using a Bruker Kappa Apex II CCD (charge-coupled device) detector system single-crystal X-ray diffractometer equipped with an Oxford Cryostream LT device. All data were collected using graphite monochromated Mo Kα radiation (λ = 0.71073 Å) from a fine-focus sealed tube X-ray source. Preliminary unit cell constants were determined with a set of 36 narrow frame scans. Typical data sets consist of combinations of ω and Φ scan frames with typical scan width of 0.5° and counting time of 15 seconds/frame at a crystal-to-detector distance of 4.0 cm. The collected frames were integrated using an orientation matrix determined from the narrow frame scans. Apex II and SAINT software packages 56 were used for data collection and data integration. Analysis of the integrated data did not show any decay. Final cell constants were determined by global refinement of xyz centroids of 9423 reflections from the complete data set. Collected data were corrected for systematic errors using SADABS 56 based on the Laue symmetry using equivalent reflections. Crystal data and intensity data collection parameters are listed in Table 1 . Structure solution and refinement were carried out using the SHELXTL-PLUS software package. 57 The structure was solved by direct methods and refined successfully in the space group P2 1 /c. Full-matrix least-squares refinement was carried out by minimizing Σ w(F o 2 -F c 2 )
2 . The non-hydrogen atoms were refined anisotropically to convergence. All hydrogen atoms were treated using the appropriate riding model (AFIX m3). The disorder in the FeCl 3 unit was resolved with partial occupancy Cl atoms and the disordered atoms were refined with geometrical and displacement parameter restraints and constraints. The structure refinement converged to the residual values of R 1 = 5.8% and wR 2 = 14.9%. The final structure refinement parameters are listed in Table 1. CCDC 950588 contains the supplementary crystallographic data for this paper. These data can be obtained free of charge from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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